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Abstract

The composition of natural gas (NG) can have an important impact on the emissions and
performance of natural gas vehicles (NGVs). With the expansion of NG productioorizantal
drilling and hydraulic fracturings well as the potential of liquefied nedl gas (LNG) from the
Costa Azul LNG terminal in Baja California, Mexicthere is the potential for a wider range of
NG compositions being used throughout Califorfiae objective of the present studss to
evaluaethe impact of NG composition on tperformance and emissionst@avyduty vehicles.
ThreeNG buseswere tested over théentral Business District cycle and a NG waste hauler was
tested over the Refuse Truck Cyde a heawyduty chassis dynamometen a rangef five to
sevendifferent test gaseslhe vehicles included two older technology buses and one older
technology waste hauler with lean burn spark ignition engindsxidation catalystsThe model
years for these vehiclesmanged from 2002 to 2004 Also tested wasa buswith a 2009
stoichiometriccombustiorspark ignition enginea threeway catalyst (TWGC)and cooled exhaust

gas recirculation. The older technology buses and the waste hauler showed general trends of higher
emissions ohitrogen oxides (N¢) and noametham® hydrocarbons (NMHC), and lowemissions

of total hydrocarbons (THC), methane (§Hand formaldehydeand improved fuel econonigr

the gases wittower methane content$he other pollutants generally did not show strong trends
over the older buses arkle waste hauler, although lower particulate matter (PM) and carbon
monoxide (CO) emissions were found for the waste hauler for the gasebwsth methane
contents The wastdaulershowed the strongest trends of any of the older vehicles tested. A bus
with a newer 200%toichiometric combustiorengine had lower emissions for most of the
pollutants and generally did not show strong fuel effects. blsewith the2009 stoichiometric
combustiorenginedid, however, show higher CO and ammonia gNémissiors compared to the
other buses. This could be attributed to the richer operation fatdhshiometric combustion
engine compared to the lean burn engines, as well as the TWC for treariiésions.
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Executive Summary

Natural gas vehicleNGVs) have been implemented in a variety of applications as part of efforts
to improve urban air quality, particularly within California. In California, the use of alagas

has been increasing for a number of years, due predominantly to expanded powereahddimg
needsThe availability of natural gas (N®Yjithin the Statdrom a wider range of sources is also
expanding, with the rapidevelopmenbf NG production viahorizontal drilling and hydraulic
fracturing as well as the potential of liquefied natbigas (LNG) from theCosta Azul LNG
terminal in Baja California, Mexicd' heexpansion of theenew sources coupdevith changes in
theextent of NG processing to meet markets for natural gas liquids (N8U&) contribute to a
wider more varied compdsin of NG being used throughout the State that could impact the
emissions and performance of NGVs.

The California Air Resources Board (CARB) is currentlyisiting the compressed natural gas
(CNG) fuel standardfor motorvehicles Previous studiesf interchangeabilityor the impacts of
changing NG composition, haygeen conducted on smaitationary source engines, such as
compressord)eavyduty enginesandlight-duty NGVs.Some of the previous studies have shown
that NG composition can have iampact on emissions, including studies that have shown increases
in oxides of nitrogenNOx) emissions with increasing Wobbe numb&obbe Numbers defined

as thehigher heating value (HHV) of a gas divided by the square root of the specific gravity of the
gas with respect to air. The higher iMN of the gas, the greater theating value per volunf

gas that will flow through a hole of a given size in a giveoam of time.

The objective of the present study is to evaltia impact of NG composition on the performance
and emissions dfeavyduty vehicles. For this studihreeNG buseswvere tested over theéentral
Busines District (CBD) cycle and a NG wastaulerwas tested over the Refuse Truck Cyae

a heavyduty chassis dynamometan a rangef five to severdifferent test gase¥he test vehicles
includeda bus with a 2009 8.9&toichiometric combustiosparkignited CumminsVestportiSL-

G engine witlcooledexhaust gas recirculatioBGR) and athreeway catalyst TWC), a bus with

a 2004 8.1L 6081H John Deere lean bspark ignitionengine with aroxidation catalyst@C),
and a bus with 2003C-Gas Plus lean buspark ignitionengine with an OC, and a waste hauler
with a2002Cummins Westpor8.3L C-Gas Plus lean burn engine with an.Q@e certification
values for these engines are provided in Appendix A.

The test gases included three gases representative of historical eodsels) for Southern
California(labeled H1, H2, and HA&nd four gases representing low methane gases (ldbdd

LM4, LM5, and LM6). The historicaltest gases were representative of Texas PipelineH3as (
and Rocky Mountain Pipeline GadsH@), which is also representative of that found in the
Kern/MohavePipelinebetween 200and 2010The third historical gas was &RCNG fuel, which

is a natural gas blend produced from liquefied natural gas, identifléd ddis is also a base gas.
Since NGfueledwaste haulersome equipped fadedicatedueling on either LNG or CNG, an
L-CNG fuel was included to capture the LNG fueled base line. Note that LNG refers to North
American supplies that have been processed to take out most components heavier than methane
The four low methane gaséscludeda Peruvian LNG with nitrogen added to achieve a Wobbe
Number of 1385 (LM3), a Middle East LNG (WN above 1400 labeled LM4) and two gases with
high WN and low MN, one with a high ethane content and the other with @taghne content,
identified as LM5 and LM6The WN and MN are the same for both LM5 and LM6. The gases



were designed to determine whether there are differences due to compohkgiomain properties
of thetest fuels are provided ihable ES1.

The resus of this studyare summarizedelowand in Table E®. Comparisons between test gases
were made for regulateckigaust emissions, fuel economy, PM mamsticle number (PNand
particlesize distributions, ammongmissionscarbonyl compoundsmissionsand power maps.
Table ES2 provides the percentage differences between the different fuels compated to
baselineH1 gas. More detailed emissions results and correspondirsdups for the statistical
analyses are provided in AppendBx In the discussins below, esults are generally statistically
significant, except as noted.

Table ES 1. Test Fuel Specifications

Gas # Description methaneethanepropanell-butane| N2 {CO2| MN |Wobbe #HHV |H/C ratio
H1 |Baseline, 96 1.8 0.4 0.15 |0.7|0.95 99 | 1338 |1021| 3.94
Texas Pipeline
H2 |Baseline, 945 | 35 0.6 0.3 1|0.350.75 95 | 1361 |1046/ 3.89
Rocky Mountain Pipeline
LM 3|Peruvian LNG 88.3 | 10.5 0 0 12| 0 | 84 | 1385 [1083 3.81
LM 4 Middle East 89.3 | 6.8 2.6 1.3 0| O | 80| 1428 |1136] 3.73
LNG-Untreated
LM 5|High Ethane 83.65 | 10.75| 2.7 0.2 |2.7| 0 |75.3| 1385 |1115 3.71
LM 6|High Propane 87.2 | 45 4.4 1.2 |27 0 |75.1] 1385 |1116| 3.70
H7 |L-CNG fuel 98.4 1.2 0.2 0.1 0 | 0 |103.1] 1370 |1029] 3.96

MN = Methane Number determined via CARB calculations; Wobbe # = HHV/square root of the specific
gravity of the blend with respect to air; HHV = Higher Heating VaB&U/ft%); H/C = ratio of hydrogen
to carbon atoms in the hydrocarbon portion of the blend

*Properties evaluatedt 60 °F (15.6°C) and14.73 psi (101.6kP3g
20 Cummins Westpor8.3L C-Gas PlusWaste Hauler

Waste hauler truck emissions were evaluated over a refuse truck cycle that included, transport,
compaction, and curbside segments. Overall, the waste hauler showed the strongest fuel effects for
most of the pollutants compared tetbuses. Almost all the pollutants showed some fuel effects

for at least one of the cycle segments. Tdve methanggases showed higher N®missions for

all threesegment®f the cycleLow methane gses showed lower THC, GHormaldehyde and
acetaldehgte emissions. For the compaction and curbside phases, higher NMHC emissions were
seen for thdow methanegases, but for the transport phase the opposite trend was observed.
Cumulative PM emissions and CO emissions for the compaction cycle showed af tiamero
emissions for théow methanegasesFuel economiconsumptioron a volumetric basis showed
increases for thtiow methanegases with higher energy contents for tt@sport and curbside
phases of the cycland decreases for the compaction cy€le an energy equivalent basis, fuel
economyconsumptionshowed no fuel differences for the curbside amded results for the
compaction cycles, but higher energy equivalent fuel economy was seenléov thethangases

with higher energy contents for tii@nsport phase. Particle number showed similar fuel trends
over the three cycle segments, but the gases showing lower particle numbers included some with
higher levels of methane (i.¢42) and some wittower levels ofmethangi.e., LM3 andLM4).

CO, emissions did not show strong trends for the curbside pbaséhe transport phaséowed

lower CQ emissions for the low methane gases with lower H/C ratios, compared to H1 and H2
gases, but not compared to.Hror the compaction segment, £émissions for LM5 were higher



at a statistically significant level than those for H1, H2, and H7 on ahwhyasis for the
compaction segment. On a bhpbasis for the compaction segment,.@issions for all of the

low methane fuel gas blends exhibitsttistically significant increases in @@missions of
between 5.2 to 19.4% compared to H1, H2, and Hiis can be attributed to the bhp energy
readings being lower for the higher energy gases, because the ECM bhp reading does not take into
account thedifferences between fuel®Hs emissions showedome fuel differences, but no
consistent fuel trends over the three segments of the cycle. The particle size distributions showed
a peak in the 10 nm range.

2004 John Deere 8.1L 6081Hransit bus

The John Deere bus was tested on two separate occasions due to a mechanical failure during the
initial testing.The postrepair John Deere bus tests showed a number of fuel effects. These tests
were conducted for only three of the main test gases. Fudldigher methane contents showed
higher THC, CH, and formaldehydemissions, but lower NMHC emissiorihe low methane
gases showed higher N@&missions, although these increases were not statistically significant for
all fuel combinationsLow methanegaseswith higher energy contents showed higher fuel
economy on a volumetric basi®ne of the low methane gases also showgherfuel economy

on anenergy equivaleriiasis PM mass, acetaldehyde, CO, £2@nd NH emissions did not show

any significant fuel trends. PM mass, CO anda:BifHissions were very low for the pagpair bus.

The particle size distributions showed a broad peak stretching from sub 10 nm into the 70 nm
range.

Some fuel effects were also sden the initial testing of the John Deere bus. These tests were
conducted for only four of the main test gases. Trends for THG,, fGihaldehyde, and NQvere
consistent with the posepair results. Higher methane content gases resulted in higher THC, CH
and formaldehyde emissions and particle number counts, but lower NMHC emisé@ns.
emissions showed increases for the highest WN gas compared to the lgaseline low methane
gases with higher energy contents showed higher fuel economy on a tramasis, but slight
trends of decreasing fuel economy on an energy equivalent basishG@ed some statistically
significant differences between fuels, but no real tre@@sand NH emissions did not show any
specific trends. PM mass emissiomsrevery low and did not show consistent trends with fuel
properties, although some differences between different fuel combinations were seen.
Acetaldehyde emissions showed a statistically significant reduction for LM3 and LM4 compared
to H1, and a marginallytatistically significant reduction of H2 compared to Hhe particle size
distributions also showed a peak in the sub 10 nm range, but this peak was sharper compared to
the postrepair testing.

2003Cummins Westpor8.3L G-Gas Plus enginéransit bus

Forthe 2003Cummins Westpo®.3L G-Gas Plus bus, N@nd NMHC emissions and volumetric
fuel economy were higher, and THC, £Hnd formaldehyde emissions were lower forldve
methangyases. CO emissions showed some statistically significant increases with sonievef the
methanegases. Energy equivalent fuel economy,M, and NH, and acetaldehyde emissions
did not show any strong fuel effects, and particle number showed incohdisggetrends. The
particle size distributions showed a peak around 10 nm.
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2009Cummins Westport ISLG 8.9 L transit bus

The bus with a 200€ummins WestportSL-G stoichiometric combustioengine with cooled
EGR and a TWC was the newest technology tedteing this program. In general, for this bus,
most of the pollutants did not show any specific fuel effeEtdC, NMHC, CHs, NOy, and
formaldehyde emissions for thestport ISG bus wereconsiderablylower than for the other
buses. TheCummins WestparISL-G bus did, however, show higher CO and J\ginissions
compared to the other buses. This could be attributed to the richer operatiorsfordmemetric
combustiorengine compared to the lean burn engines, as well as the TWC for tleiddions.
Some fuel effects were seen for fuel economy, but not for the other polluthetéow methane
gases with higher energy contents showed higher fuel ecoanmyolumetricbasis but nobn
anenergy equivalent basiSome differences between fuels weeen for THC and Ctemissions,
but these differences were on the order of the background.l&Vesize distributionsof the
particles emitted from this bus were mainly in the sub 10 nm nucleation particle range.

General

Although trends were found lveten gases with higher vs. lower methane contents, other trends
between gases were not as strong. For example, although H¥\Hdghat is much higher than

H1 and H2, these gases show similar emissions. Similarly LM4, which has &ViNgbut an
intermedide MN, has emissions similar to LM5 and LM6. Additionally, gases LM5 and LM6,
which have varying contents of ethane and propane and butane have similar emissions.

Xii



Table ES-2: PercentageDifferences of theEmissionsFrom All the Fuel Combinations Compared toH1 for All the Buses and
the WasteHauler

Waste Hauler 2003 2009
2004 John Deerel Cummins | Cummins
Westport | Westport
C-Gas Plus| ISL-G
Fuel | Transport | Curbside Compaction | Compaction Initial POS?
_bhp-hr whp-hr repair ]
Bold : Statistically significan(p-v a | u e Undefline:OV&arginally statistically significaft0.05<pv a |l ue O0. 1)
H2 3.2% 1.5% 2.9% -3.1% -1.0% 4.1% 2.5%
Fuel LM3 13.2% 7.7% 3.9% -7.0% 4.8% 7.4% 9.7%
Elcj:gnomy/Consumptio LM4 19.1% 7.9% 1.6% -12.1% 8.0% 15.1%
(Volumetric basis) LM5 15.3% 17.1% 1.0% -7.6% 15.1% 11.6% 14.9%
LM6 17.7% 6.4% 2.4% -9.8% 8.7% 10.8% 13.1%
H7 2.4% -3.4% -1.7% 0.1%
H2 -0.4% 1.3% 6.1% 0.0% 4.0% -1.3% 0.3%
LM3 -5.0% -0.5% 11.6% -0.1% 2.2% -0.1% -2.7%
CO, LM4 -4.0% 5.3% 15.9% 0.2% 5.2% -1.7%
LM5 -2.3% 1.7% 16.8% 2.8% -2.7% 0.8% -3.0%
LM6 -4.3% 5.2% 15.0% 1.3% 3.1% 1.3% -1.3%
H7 -2.6% 2.7% -2.2% -0.4%
H2 17.3% 13.4% 49.0% 40% 6.7% -1.7% 14.8%
LM3 84.1% 52% 191% 160% 10.8% 38% 0.8%
NO, LM4 121.2% 72% 278% 228% 18.8% -6.5%
LM5 129.8% 71% 286% 240% 23.9% 53.4% -3.8%
LM6 104.8% 68% 248% 207% 49.9% 32.4% -14.4%
H7 -8.™% -6.6% -17.0% -16%
H2 21.1% 11.0% -2.7% -7.9% -3.3% 58.9% 3.3%
LM3 39.7% -10.1% -33.3% -40.0% 8.6% 78% 11.3%
CO LM4 68.5% 86.2% -48.1% -55.0% 13.9% 9.5%
LM5 51.0% 87.7% -43.4% -49.8% -23.2% 185.0% 3.3%
LM6 37.%% 70.7% -38.3% -45.5% -10.9% 102.9% 3.9%
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Waste Hauler 2003 2009
2004 John Deerel Cummins | Cummins
Westport | Westport
C-Gas Plus| ISL-G
Fuel | Transport | Curbside Col;rrl]pactlon Compaction Initial POS?
p-hr whp-hr repair
Bold : Statistically significanfp-v a | u e Undefine:OV&rginally statistically significarit0.05<pv a | ue O0 . 1
H7 -13.8% -12.2% -9.3% -7.4%
H2 -2.8% -7.5% -16.5% -21% -1.9% -1.8% 9.6%
LM3 -36% -19.6% -40% -46% -11.8% -15.3% 43.4%
THC LM4 -48% -17.7% -45% -53% -8.8% 107.4%
LM5 -54% -28.1% -48% -52% -17.0% -23.9% 11.7%
LM6 -45% -15.3% -43% -50% -13.0% -20.7% 21.6%
H7 -7.3% 11.5% 11% 13%
H2 -2.6% -20.3% 79.2% 75% 28.4% 22.1% -49.7%
LM3 -20. %0 9.2% 511.5% 451% 78.0% 62% -126.5%
NMHC LM4 -34.8% 15.1% 508.6% 430% 101.8% 51.2%
LM5 -36.8% 18.9% 666.1% 605% 87.7% 62.3% -124.0%
LM6 -33.9 19.2% 611.9% 529% 71.6% 39.2% -80.5%
H7 -35.0 -16.1% -91.4% -91%
H2 -5.3% -9.7% -18.3% -23% -5.4% -4.3% 20.1%
LM3 -38.%% -28.1% -45% -51% -22.4% -23.2% 65.0%
CH LM4 -49.2% -26.3% -51% -57% -21.8% 68.7%
4 LM5 -52.0% -34.4% -54% -60% -31.6% -33% 41.5%
LM6 -47 %% -25.1% -49% -55% -24.8% -26.8% 37.9%
H7 -3.5% 13% 12.0% 14.0%
H2 -22.0% -8.4% -30.9% -35% -22.4% 40.4% -10.9%
LM3 -13.8% -18.5% 25.4% 13% -57.4% 39.0% -0.7%
LM4 -26.%% -27.1% -15.1% -27% 19.3% 7.1%
NH, LM5 2.8% -7.6% -35.8% -44% 101.3% 4.2% 14.5%
LM6 -26.20 -19.8% -51.9% -58% -1.9% 10.9% 19.6%
H7 -10.8% 4.2% -18.6% -17%
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Waste Hauler 2003 2009
2004 John Deerel Cummins | Cummins
Westport | Westport
C-Gas Plus| ISL-G
Fuel | Transport | Curbside Col;rrl]pactlon Compaction Initial POS?
p-hr whp-hr repair
Bold : Statistically significanfp-v a | u e Undefine:OV&rginally statistically significarit0.05<pv a | ue O0 . 1
H2 -39.0% -34.7% -39.6% -43.1% -13% 47% 38%
LM3 -61.5% -53.1% -59.7% -64.1% -26% 28% -20%
PN LM4 -63.1% -46.7% -71.4% -75.4% -26% -52%
LM5 5.1% -0.2% -2.1% -14.1% 0.4% -18%
LM6 0.3% 4.7% -4.9% -15.1% 6% -10%
H7 14.4% 15.3% -4.1% -2.9%
For the whole cycle
H2 12.3% -15.9% -1.7% -16.1%
LM3 -36% -68.3% -25.0% -1.0%
PM LM4 -54% -45.8% -16.3%
LM5 -60% 57.1% -32.4% -17.1%
LM6 -51% -16.1% -55.5% -9.7%
H7 -26%
For the whole cycle
H2 -7.6% -16.9% -4.6% 43.4%
LM3 -54.6% -41.4% -23.7% 55.3%
E Idehvd LM4 -46.9% -45.2% 32.0%
ormaidenyde LM5 -47.6% -27% -14.0% -3.2%
LM6 -51.4% -41% -24.3% 7.3%
H7 12.7%
For the whole cycle
H2 3.1% -60.9% 64.1% -47.1%
LM3 -60.7% -100.0% -17.7% -41.7%
Acetaldehyde LM4 -62.9% -100.0% -67.6%
LM5 -52.6% -60% 59.0% -0.2%
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Waste Hauler 2003 2009
2004 John Deerel Cummins | Cummins
Westport | Westport
C-Gas Plus ISL-G

Fuel | Transport | Curbside Col;rrl]pactlon Compaction Initial POS?
p-hr whp-hr repair
Bold : Statistically significanfp-v a | u e UnddefineOV&rginally statistically significarit0.05<pv a | ue O0 . 1)
LM6 -62.0% 49% 44.1% -100.0%
H7 -24.2%

Bold : Statistically significanfp-v a | u e Ubdefline:OV&rpinallystatistically significant 0.05<pv a | u g @hp-hr £ wheel horsepowehnourbasis; bhghr
= brakehorsepowethourbasis from engine control module (ECM)
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1 Introduction

Natural gas (NG) is a potential alternative to conventional liqugls for use in internal
combustion engineis motor vehiclesNatural gas vehiclesNGVs) have been implemented in a
variety of applications as part of efforts to improve urban air quality, particularly within California.
These vehicles are predominantiyplemented in fleet applicationsecause travel is relatively
centralized and a large refueling infrastructure is not neebléalVs weregenerally believed to
produce lower emissions of nomethane hydrocarbons (NMHC), carbon monoxide (CO), oxides
of nitrogen (NQ), and particulate matter (PM) compared to diesel vehicles without aftertreatment
[11 3], although this is becoming less of an issue with the introduction of diesel particle filters
(DPFs) and selective catalytic reduction (SCR) systems on diesel vg¢hidés

For NGVs, one issue that has been shown to be important with respect to emissions is the effect
of changing the composition of the NG fu€&his is part of a broader range of issues which are
classified under the term interchangeability, which is the ability to substitute one gaseous fuel for
another in a combustion application without materially changing operational safety, efficiency,
perfomance or materially increasing air pollutant emissiddtsidies of the effects ofNG
compositionhave been conducted femall stationary sourcengines, such as compressoasd

in heavyduty engine$l2i 22]. These studies have shown that NG composition can have an impact
on emisvns. NQ emissiongfor examplewere found to increase with increasigpbbe number

(WN) andor decreasing methane number (MN)several of these studifk2i 22]. MN andWN

are terms usetb describe natural gas quality characteristid8l is a measure of the knock
resistance of a gawsvith the knock resistance of a gas increasing with increasing \WMINl is

defined as thehigher heating value (HHV) of a gas divided by the square root of the specific
gravity of the gas with respect to air. The higherWm of the gas, the greater theding value

per volumeof gas that will flow through a hole of a given size in a given amount of time.

The importance of changing NG composition is underscored by the dramatic chahgesanket

for NGin recent years due to the rapid development of horizontal drilling and hydraulic fracturing,
advanced techniques that have made it possible to unlock vast reserves of oil and gas trapped
underneath sedimentary rocks, or shaldse U.S. Energy InformatioAdministration (EIA)
anticipatesdomestic NG production to continue to expand into the future, growing from levels of
23.5 quadrillion Btuin 2011to a projected 39.quadrillion Btuin 2040, representing a sizable
44% increas¢23]. Shale gas production, which already accedibr 23% of total U.S.natural
gasproduction in 2010is expected to be the primary drivadr this expansion, witlshale gas
production going fron®.8 trillion cubic feet {cf) in 2011to 13.6tcf in 2035 [24]. In California,

the use of natural gas hatso been increasing for a number of years, gusdomirantly to
expanded power and home heating ne€dstently,Californiasupplies35-90% of its needwith

NG imported domestically from the Rockjesom southwest statesuch as Texas, arfdom
Canada[12-15]. As new producing fields are developed in ti8, however,the makeupof
imported domestic NG suppliesuld change. Additionallywith the introduction dthe Costa

Azul LNG terminal in Baja California, Mexico, there is the potentialfimreNG from imported
sources, such as the Pacific Rimpecome availableespecially for regions in the southern part

of the stateLNG will alsolikely differ in composition fromwhat iscurrently being used in the
State.



Natural gas quality depends on bath source as well as the degree to which ipriscessed.
Natural gas can be produced from oil fields (termed associated gas) or fromldmétéiened
nonassociated gashssociated gas is typically higher in heavier hydrocarbons, which gives the
gas a higher WN and a lower MIRssociated gas is often processed using techniques such as
refrigeration, lean oil absorption, and cryogenic exioado recover valuable natural gas liquids
(NGLs) for other uses, such as ethane, propane, butanes, pentanes and hexd2B2@lus
Traditional North American gas from Texas, for exampleftesnprocessedo recover feedstock

for chemical plantsThis results in aatural gas stream with a lower WN and higher.MN the
economics for these secondary products change, there could be a reduced emphasis on recovering
NGLs from NG. This could lead to NG with higher WNs and lower MNs beingnfedhe pipeline
whichwould likewiseresult inapipeline gas with a high&/N and lower MN.

The objective of the present study is to evaltiz impact of NG composition on therflmance

and exhaustemissions of heavgluty vehicles. The California Air Resources Board (CARB) is
currently revisiting the compressed natural gas (CNG) fuel standardsotor vehicles[27].
Information on the impact of changing NG composition on performance and emissions can be used
for regulatory development, emsure new NG compositions do not have an adverse impact on air
quality, and to evaluate the viability of using a broader mixture of NG blends in transportation
applications.For this studyfour NG heavyduty vehicles IDVs) were testebn a range of
betveenfive to sevendifferent test gase3his includedhreeNG buses and one Nwastehauler
tested over the central business district cycle (CBD) and the refuse truck cycle, respddiavely.
test gases includeghses representative of Texas Pipeline &@asRocky Mountain Pipeline Gas

a gas representing Peruvian LNG modified to 1889; a gas representinjliddle East LNG
Untreated \WN above 140Q two gases witHL385WNs and 75 MNs, one witha high ethane
content and the other witlhhhigh propaneontent and one ECNG fuel, which is &NG blend
produced from an LNG fuel tankin addition to the regulated emissions and fuel
economyconsumption measurements were also made of ammoniaNdf carbonyls, and of
particlenumber(PN) and particle sizelistributiors. This reportdiscusses trsetestresults This

study is part of the larger program that inclddee testing oflight-duty NGVs on a chassis
dynamometerwhichis discussed in greviousreport[28].



2 Experimental Procedures
2.1Test Fuels

Thesix NG blends used for testing atharacterized as follows:

1 GasesH1 andH2 are representative of Texas and Rocky Mountain Pipeline Gases and
serve as the baseline fueliese gases are based on actual pipeline data.

1 GasLM3 isrepresentative dPeruvian LNGhat has been modified to meatVdN of 1385
and a MN of 75

1 GasLMA4 isrepresentative d¥liddle East LNGUntreated witha high WN (above 1400)

1 GasLM5 is a high ethane gas with"éN of 1385 and a MN of 75.

1 GasLM6 is a high propane, high butane gas with'ld of 1385 and a MN of 75.

Testgases Hland H2 represent historicdlaseline fuels for Southern Californigest gas H1,

ABaseline, Texas Pipeline, o0 refers to gas ent ¢
El Paso Pipeline at Blythe and Topock and through the Transwestern Pipeline at North Needles
and Topok. T e st gas H2, ABaseline, Rocky Mountain

Southern California Gas territory through the Kern/Mohave Pipeline at Wheeler Ridge and Kramer
Station.The actual test gas compositions for H1 and H2 were derived by Air ResoBoard

staff from gas quality data submitted by the Southern California Gas Company for the period from
January 2000 to October 2010.

Gased. M5 andLM 6 are hypothetical gasdssigned to seehether two fuels with the sariéN

and MN but different compositions would produce different performance and exhaust
emissionsGases with highgoropaneand butaneare found locally in South Central Coast region
oil and gas fields, while gases with higthaneare found in San Joaquin Valley oil and gas fields.
Gased M5 andLM6 are loth at the extremes fM/N and MN so thetypical local gas in the
pipelinein these areas willdvelower WNs and higher MN. For this program, the wide range of
scenarios were examineaevaluate the viability gbermitting theuse ofa broader mixture of NG
blends in transportation applicationSasesLM3 to LM6 with lower methanecontents, and
corresponding higher WNs and HHVs, and lower Miis denoted asow methane gases
throughouthis report.The test fuels are presentedliable2-1.

In addition, theCNG fueledwaste haulewas run oran L-CNG, identified asH7. Test gas HTs

a historical gas representing BfCNG fuel sold in the South Coast Air Basim 2011 Test gas
H7 was included to capture the base line for waste haulers that fuel on B&ause a CNG
waste hauler was tested, &ING fuel, rather than an LNG fuel, was uskedCNG is LNG which
has been vapized to a gas at the fueling statigkithough L-CNG was included as a test gas to
represent a waste hauler operating on |.NGhould be noted that a LNG waste hauler would
never see LM3, LM5, LM6 because these $uwve inert gaset NG, on the othehand, has
almost no inert componentsdagise inerts are removed during the liquefaction proceli$>
purchased at commercial fueling stations in the South Coast Air Basin is manufactured from
pipeline quality natural gas, which has been purified to remmowest of the hydrocarbon
components heavier than methane as well as inert gdsefuel is then refrigerated to minus 260
degrees for conversion to LNG.NG at the fueling station is generally 98+ percent purity
methaneThis fuel wassampled to determe its composition at the time of testing



Table 2-1. Test Fuel Specifications

Gas # Description methaneethangpropane| | -butane| N2 [CO2| MN [Wobbe #HHV |H/C ratio

H1 |Baseline, 96 1.8 0.4 0.15 [0.7|0.95 99 | 1338 |1021 3.94
Texas Pipeline

H2 |Baseline, 945 | 35 0.6 0.3 |0.350.75 95 | 1361 |1046| 3.89
Rocky Mountain Pipeline

LM 3|Peruvian LNG 88.3 | 10.5 0 0 1.2/ 0 | 84 | 1385 |1083 3.81

LM 4|Middle East 89.3 | 6.8 2.6 1.3 0| 0| 80| 1428 |1136 3.73
LNG -Untreated

LM 5|High Ethane 83.65 | 10.75| 2.7 0.2 |2.7| 0 |75.3] 1385 |1115 3.71

LM 6|High Propane 87.2 | 45 4.4 1.2 |27 0 |75.1] 1385 |1116| 3.70

H7 |L-CNG fuel 984 | 1.2 02 0.1 0 | 0 |103.1 1370 |1029 3.96

MN = Methane Number determined via CARB calculatiogbbe # = HHV/square root of the specific
gravity of the blend with respect to air; HHV = Higher Heating V4Bi€U/ft%); H/C = ratio of hydrogen
to carbon atoms in the hydrocarbon portion of the blend

* Properties evaluated at 60 °F (15.6 °C) and 14.73194i.6kPg

2.2 Test Vehicles

Fourvehicles were utilized for the testimgthis programThe vehicles were selected to represent
differentvehicle typesincluding transit buses andiastehaulers and different types of engines.
The inclusion of the two vehicle types provides some information on the differences between
transit and refuse service vehicl€ne vehicle was a bus equipped witBG99 stoichiometric
combustiorspark ignitedCummins Wetport ISL-G 8.9 Lengine with a threeway catalyst (TWC)
and acooledexhaust gas recirculation (EGR) systdrhesecondvehicle was a bus equipped with
a2004 John Deere 8.1L 6081H engirighe third vehicle was a bus equipped with a 2003 8 3L C
Gas Plus engind.he fourth vehicle was a waste hauler with a 2CG021mins Westpor8.3L G
Gas Plus engin@he latterthreevehiclesare alllean burn spark ignition engines tiaaeequipped
with oxidation catalyst (OC). The specificatios of the engines are provided in Table 2TRe
certification Executive Orders for each of the engines tested are provided in Apperidie A.
buses were provided on loan from Omnitrans, which is the public tr@esity serving the San
Bernardino Valley area o$outhernCalifornia The waste hauler was provided by Waste
Management.

It should be noted that the John Deere bus was testéslo separate occasigmusice before and
again after a mechanical issue wi&scoveredSpecifically, the bus lost compression in one of its
combustion cylindershis issue was discoveredhile the bus initially underwent testing bi5.
The retesting on the repaired vehicle was done approximately one year after the initgl testi



Table 2-2. Engine Specification

Manufacturer Cummins Westpor John Deere Cummins Westporf Cummins Westport
Engine Model ISL-G 6081HF C-Gas Plus C-Gas Plus
Model Year 2009 2004 2003 2002
Vehicle Type Bus Bus Bus Waste Hauler
Engine Family 9CEXHO054 LBD 4JDXH08.1066 3CEXH0505CBK 2CEXH0505CBH
Stoichiometric Lean burn Lean burn Lean burn
Engine Type Sparkignited Sparkignited Sparkignited Sparkignited
TurbochargedEGR Turbocharged Turbocharged Turbocharged
Horsepower 280HP 280HP 280 HP 275280 HP
Number of
Cylinders 6 6 6 6

Bore and Stroke

114 mm x 145 mr

116 mmx 129 mm

114 mm x 135 mm

114 mm x 135 mm

Displacement

89L

8.1L

8.3L

8.3L

Compression Ratig

121

16.5:1

10:1

10:1

900ft-Ibs. @ 1300

900ft-Ibs. @ 1500

850ft-Ibs. @ 1400

750-850ft-Ibs. @ 1400

Peak Torque rpm rpm rpm rpm
Aftertreatment TWC ocC oC oC
NMHC: 0.13 NMHC+NOy:1.5 NMHC+NOy:1.7 NMHC: 0.2
Certification Level NOx:0.10 C0O0.1 C0:2.0 NOk:1.5
(g/bhp-hr) CO:1.2 PM:0.01 PM:0.01 CO:1.3
PM:0.009 PM:0.01
2.3 Test Cycles

For the buses, testing was performed over the CBD test &grléhe waste hauler, the testing was
performed on the William H. Martin (WHM) refuse truck cycle. The test matrix was randomized
to allow some measure of the experimental reproducilBitytests were run on each vehifiel
combination for all vehi@s except as noted otherwiSéne test matrix for thBeavyduty chassis
dynamometer testing is provided belowTiable2-3. For the busesonly 6 test gases were used,
so the matrix was only for 6 days ending with testing of gd$ik. test sequence differed for the
John Deere bus, which was tested on two sépacaasionsAlso, LM4 was not tested on the C

Gas Plus bus.



Table 2-3. Chassis Dynamometer Test Matrix-or each Test Vehicle

Test Day Morning Sche(_jule Afternoon Sche_dule

(assumes 3 replicates) (assumes 3 replicates
CBD or WHM Refuse Cycle

Day 1 111 222

Day 2 222 333

Day 3 333 444

Day4 444 555

Day5 555 666

Day 6* 666 777

Day 7 777 111

CBD = Central Business District; WHM = William H. Martin;
1=Gas #12=Gas #23 = Gas #3, 4 Gas #4, 5 = Gas #b = Gas#6
* Gas 7 will be used in the Waste Hauler

A specially developed cycleagused for the CBD testing. This cycle constkbf a single CBD
cycle as a warrup, followed by two iteration§.e., a doubl¢ CBD cycle. The CBD cyclewas
repeatedtwice to provide a more sufficient particle sample for analysi¥he CBD cycle is
characterized by arvarage speedf 20.23 km/h a maximum speeaf 32.18 km/h (20 mph)an
average acceleratioof 0.89 m/$, a maximum accelerationf 1.79 m/4. The diving distancefor

a single CBD cycle i8.22 km or 9.66 km for the full cyclancluding the warrrup. Emissions
analyses for gaseous emissioreecollected as an integrated sample oveditgbleCBD cycle.
West Virginia UniversityWVU) has $sed a similar cycle in some of its earlier testing on CNG
buseqd11]. A speedime trace for thextended CBDs provided inFigure2-1

The waste haulewastested over the William H. Martin Refuse Truck Cycle. This cycle was
developed byWVU to simulate waste hauler opemati The cycle consists of a transport segment,

a curbside pickup segment, and a compaction segftemtnitial 277 second segment of the cycle

is a warmup period where no emissiongere collected. The transport portion of the cycle
represents the®1300 seconds of the actual cycle for the trip out to the service area and the 300
secondafterthe curbside segmerfior the return trip from the service aré&ote that the first and
secondpart of the transport cycle represdiiferent types of driving conditiortbat a wast@auler

might do. The curbside pickup portion of the cyclesi20 seconddt is the middle portion of the
cycle with a series of low speed acceleratidiiee compaction portion of the cydkethe final
phaseBefore the start of the actual compaction cycle where emissions data are collected, there is
an interval foran acceleration up to and stabilization at the appropriate test Szadollection

for the compaction phase begins once the vehicle stelsilized at the test speed for the
compaction, and data for the compaction phase is collected for a period of 155 s&bends.
compaction load is simulated by applying a predetermined torque to the aklwevhile
maintaining a fixed speed b mph.The compaction load used in this study was 80 horsepower
(hp), the same as used previously by WNt]. The Refuse Truck Cycle shown inFigure2-2.



Figure 2-1. Double CBD Cycle with Warm-up
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The vehiclesverepreconditioned at the start of each test day by performing a power map. Between
tests,theremsa fAhot soako, wh e rferabout W15enmgeas.Mediscussedt ur n e
above, alltestserec onduct ed as fAhot runningo t eagfors, wit
the buses and2/7 second warnrup being used by the waste haulers.

The road load coefficient®r the first bus and waste hauleere determined by coasting down
the vehicle from approximately 60 mph to approximately 10 migte test weightisedfor each
of the three buses wag,220 Ibs and for the waste hauler was 33,520 Ibs. Theveaghtswere
based on the weight of the waste hauler and on the weighe dirstbus whernthese vehicles
arrivedfor testing. The second and third busese not weighed or coasted dqvwemce all three
busesavethe same vehicle shape amére assumed to haapproximately the same test weights
and consequently the sammad load oefficients. Using the same weight and road load
coefficients for all three buséms the benefit ofliminaing weight and road load coefficients as
a variable.

2.4  Emissions Testing and Measurements

The chassis dynamometer testingswonducted inUniversty of California, Riverside (UCR)
Center for Environment al CER&RE dwavyduty ahlmssis Te c hn
dynamometer facilityA picture of a typical vehicle set up on the chassis dynamometer is provided
in Figure2-3. For the power map, the vehicle waidven at a constarstartingspeed.The load

was then slowly increased while the accelerator pedal was heldfdyvirying to maintain the

same speeduntil the vehicle down shiftedThe starting speed®r the power mapgor the
Cummins WestpofSL G bus, the waste hauler, and the initial testing on the John Deere bus were
between 60 and 70 mph, while the starting speadthé postepair John Deere bus test and the

C Gas Plus bus test were approximately 40 riiple. vehicles were driven at different speads
partbecause the dynamometer was upgraded towardatérgoortionof the project to allow for
higher power settigs at lower vehicle speedihe vehicles wrealso monitored throughout the
course of testing to evaluate the operability of the engines on the different blends, including
characteristics such as knotdo engine knock was observed during the course whalatesting.

The emissions measurement®ng obtained using CEERT6s Mobil e Emi ssion
(MEL). For all tests, standard emissions measurements of total hydrocarbons (THC), NMHC,
methane (Ch), CO, NQ, carbon dioxide@O,), and PM, vere measuredCO and CQemissions

were measured with 602P nondispersive infrarg8iDIR) analyzerfrom California Analytical
Instruments(CAI). THC, NMHC, and CH emissionswere measured with 600HFIBame
ionization detector (FID)from CAIl. NO« emissims were measwd with 600HPLC
chemiluminescencanalyzer from CAlMeasurements &realso made of Nklusing a tunable

diode laser (TDL)from Unisearch Associates IncasIR S Seriesind of carbonyls, including
formaldehyde and acetaldehyde, usi@g-dinitrophenylhydrame (DNPH) coated silica
cartridges with subsequent analysis with Agilent 1100 series high performance liquid
chromatograph (HPLCequipped with a diode array detectArschematic of the experimental
setup is provided irFigure 2-4. The sampling of carbonyls &s done for 34 tests per test
fuel/vehicle combinationSampling for the PM, formaldehyde, and acetaldehyde was done
cumulatively oer the entire duration of the cycles for the buses and the waste hauler due to the
low mass levels expected for these pollutants. As such, results for the individual segfrtients
RefuseTruck Cycle are not available for these pollutants.



Figure 2-3. Typical Setup of Test Vehicles on the Chassis Dynamometer

Particle numbecounts vere measured wita TS13776Condensation Particle Count&RC) with
a2.5nm cut poinfor all cases except fohepostrepair John Deerand the GGas Plubus testing
Particle number counts were not measured for the post repair vehicle because of issues with the
data acquisition system for the CHt@r the CGas Plus testing, the TSI 3776 CPC did not appear
to be functioning correctly.Particle size distributions were measured using several different
instruments throughout the program. This was due to the availability of different instruments at
different times over the course of testingnano scanning mobilitparticle size (naneSMPS)

was usedor the 2009 Cummins Westport 1SIG8.9 bus,the waste hauler truckandthe John

Deek bus test to characterizgarticlesize distributionsThe size range of the nas8MPS was 4

to 70 nm in electrical mobility diametaith a scan time of 118 secondsregulat long column
SMPSwas usedat thevery beginning of the test campaign fpart ofthe testing orthe 2009
Cummins Westport ISIG8.9 busThe long column SMPS was used for some of the initial testing,
but was subesquently replaced by the nad/PS to provide measurements of the smaller diameter
particles.Thelong columnSMPShadan operating range @0 to 400 nm in electrical mobility
diameterwith a scan time of 135 secondr the CGas Plus bus testingn Engine Exhaust
Particle SizerEEPS wasavailable andised formeasuring particle siagistributionsand particle
number TheEEPShasa faster scan time of one secardiprovides a widesize rangdérom 6 to

423 nm in electrical mobilityhan either othe other SMPS instrumenfEhe faster scan time
allows the EEPS to more accurately capture the size distributions under transient operating
conditions Table 2-4 summarizeghe instrumentsused in this program for measuring particle
number angize distributios.



Table 2-4. Summary of theParticle Number and Size Distribution Instruments Used inEachVehicleTesting

Cummins Westport Initial John | Postrepair John Cummins Cummins
PM measurement C-Gas Plus P Westport GGas | Westport ISk
Deere Bus Deere Bus
Waste Hauler Plus Bus G Bus

NancSMPSI with 3085 TSI DMA Column Particle size 5 5 5 5
(4-70 nm, 118s scan time)

TSI 3081 Regular longolumn SMPS (20 . . -

400 nm, 135s scan time) Particle size a

TSI 3090 EEPS @23 nm, 1s scan time) Partﬁi}i‘éfmd a
TSI 3776 CPC (2.5 nm cuff size) Particle number a a a a

*regular bng column SMPS was only used at the beginningesfihg on liis bus.

10




Figure 2-4. Schematic of the Sampling Systems and Instruments
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3 Heavy-Duty Vehicle Chassis Dynamometer Testing Results

The emissions results are presented in the following sectiorfigures for eaclpollutantshow

the results foeachvehicle/fuel/cycle combination based on the average of tests conducted on that
particular test combination. The error bars on the figures are the standard dexatiali tests

for each test combinatioihe average emissions test results with percerddfgrences between

fuels and pvalues for statistical analyses are provided in Appendix B. The statistical analyses were
conducted using a-tiled, 2 sample equal varianctest.For the statistical analyses, results are
considered to be statisticabignificantfor pO 0, or@n&rginally statistically significant for 0.05

< p 00.1in this analysis The John Deere results are shown separately for the initial and post
repair testingA subset of 3 tests driM4 waseliminated from the data set of timtial testing of

John Deere since they showed some irregularities, i.e., unrealistically lQweri€sions. Also,

only three replicates were obtained fdi for the John Deere before the mechanical failure
occurred. The second phase of testing on JolaneDlgus included the remaining three replicates
onH1 and six replicates ooM5 andLM6.

3.1 NOxEmissions

Emissions of NQare shownn Figure 31 for the NG buses. N(emission levels for thEummins
Westport ISEG8.9 bus were significantly lower than thosethe C-Gas Plus andohn Deere
buses, noting that the emissions for the Cummins Westpord8I19 bus are multiplied by 50 in
the figure For the John Deere and@as Plus buses, the N@missions generally showed trends
of higher NQ emissions for théow methanegases. The Gas Plus bus showed statistically
significant increases of 38%, 53%, and 32%, respectively,Mt&, LM5, andLM6 compared to
H1. For the postepair John Deere results, these increases were statistically significaM&or
compaed toH1 (+50%), while for the initial John Deere testingtatistically significant increase
wasfound for LM4 fuel compared tdH1 (+18.8%) The Cummins Westport ISIG8.9 did not
show significant differences between fuels forsé¢@issionsinitial testing oftheJohn Deere bus
showeda marginally statistically significant difference in N@&missions between H1 and H2.

Figure 32 (a-b) shows the emissions of N@r the waste hauler for the transport and curbside
segmenbf the Refuselruck Cycle. Figure 3-3 (a-b) shows the emissions of N@or the waste
hauler for the compactiosegmenbf the Refusélruck Cycle. For the compactiosegmentthe
emissions are presented on both a brake horsegower(bhphr) basis based on readings from
the enginebés control mo d u | -our (WBphiyhasisabasdd oo the a
dynamometer load to the wheels of the vehicle. These are both ampemiission measurement
metrics. Heawyduty natural gas engines are certified on alhpasis. The whir, on the other
hand, is a direct measure of the load being applied to the vehicle itself. For this study;ine bhp
values showed some trends betwalifferent fuels, with the ECM readings for bhp being lower
for thelow methanegases compared tél, H2, andH7. This is shownn Figure3-4. Thisis due

to the fact that the bhp from the ECMaigalculated value from the engireolutions per minute
(rpm) and the amount of fuel used, but it is based on a fuel with a standard set of properties. As
such, the ECM bhp reading does not take into addberdifferences between fuelhe whphr,

or the load applied by the dynamometergssentially the sanfeom test to test and between the
different fuels Thus, whphr provides a more consistent basis for fuel comparisdine
differences between tlemissions obhp-hr and whphr basisare discussed below for the different
pollutants.
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For the waste hauler trucky general, NQ@emissions increagdor thelow methanegasesluring

all threesegmerd of the Refuse Truck CycléM3, LM4, LM5, andLM6 exhbited statistically
significant increases compared to the basdliheH2, andH7 for most of the test combinations
on all threesegmentsFor the transpogegmenttheincreasefor LM3, LM4, LM5, andLM6
ranged fronB84-130% compared té11, 57-96% compared té12, and 102152% compared tB7.

For the curbsideegmenttheseincreases were 522% compared tbl1, 3451% compared tbi2,

and 6384% compared té17. The compactiorsegmenshowed the strongest increaseésr the
compactiorsegmenttheseincreases were 16040% compared tbl1, 86-143% compared tbl2,

and 209303% compared tbl7 on a whp-hr basis andhese increases were 1286% compared
toH1, 95159% compared td2, and 256365% compared td7 on a hp-hr basis Thepercentage
differenceincreases during the compaction cycle are larger on-ahbgsis compared to the whp

hr basis becausef the lowerECM readings fobhp for the higher energy gases, whicteates
larger differences between tlh@v methanegases andhe lower energy/high methane content
gasesIn comparing the drivingegmentsNOx emissiongor the curbsidesegmentvere much
higher than those of the transpsegmenbn a per mile basis. This can be attributed to the fact
that the curbsideegmenis composed of short, low speed acceleratiogisveen periods of idle
that covers a very short distance (0.36 milsgh stop and go type of driving tends to create high
emissions when evaluated on a per mile b&sisall three segments bothawhp-hr and bhphr
basis, the differences observedi@®y emissiondetween H1 and H2 were statistically significant.

Figure 3-1. Average NG Emissions for the NG Buses.

©
o

[e]
o
—t

NQ, Emissions (g/mile)
= N W b OO O N
O O O O O O o o

H1 | H2 |LM3|LM4|LM5|LM6| H1 | H2 | LM3|LM4| H1 |LM5|LM6| H1 | H2 | LM3|LM5|LM6

Cummins Westport ISL-G8.9 x 50 Initial John Deere | Post Repair JohnCummins Westport C-Gas Plus
Deere

H1: Texas (1339 WN)H2: Rocky Mtn (1361 WN),LM3: Peruvian LNG (1385 WN),LM4: Middle East LNG (1428 WN)
LM5: Hi Ethane (1385 WN),LM6 : Hi Propane (1385 WN),H7: L-CNG (1370 WN)

The increasgin NOx emissions witiLM3, LM4, LM5, andLM6 gases could be attributed to the
presene of high moleculatweight hydrocarbons in these gases. The addition of higher
hydrocarbons (ethane and propane) can increase the adiabaticspfaed A flame speed
increases at constant ignition timing, peak pressure occurs earlier, at smaller ecyindess,

and thus higher temperatardPeak combustion temperatures are therefore higher due to the
advanced location of peak pressure and higher adiabatic feEmmeraturd29], which would
result in higher NQ@ emissions, as NQis generated predomindntthrough the strongly
temperaturalependent thermal NO mechani$2i,22] Previous studies have also shown that
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leanrburn engines run richer as MN is decredd€d. This can lead to the oxidation of more fuel,
higher combustion temperatures, and increased cylinder pregsisraso possible that the higher
hydrocarbons promote the formation of reactive radicals,w@sult in increased formation of
prompt NQ.

Figure 3-2 (a-b). Average NG Emissions for theWaste Hauler Transport and Curbside
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Figure 3-3 (a-b). Average NG Emissions for theWaste Hauler for the Compaction
Segment on a whghr Basis (a) and on an Engine bhghr Basis (b)
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Figure 3-4. Average bhp of the CompactiorSegment
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3.2 THC Emissions

Figure 3-5 shows the THC emissions ftne threeNG busesFigure 3-6 (a-b) shows the THC
emissioms for the waste hauldor the transport and curbsidegmentswhile Figure 3-7 (a-b)
shows the THC emissions for the compactsmgmenton a wp-hr and thp-hr basis THC
emissions were significantly lower for tiiimmins Westport ISIG8.9 bus than the older John
DeereandC-Gas Pluduses noting that the emissions for the Cummins Westport@&BL9 bus

are multiplied by 10 in the figur&his can battributed to the differences in the engine technology,
since the older engines are all Idaurn engines with OCs designed to meet an earlier certification
standard, and the ISG is astoichiometric combustioengine with a TWC that is designed to
meet arecent and more stringent certification standa&@31] The John Deere and-Gas Plus
buses showed trends lbigher THC emissions fahe gases with higher methane contenkss
trend is consistent with results previously reported by other auth@3 his is probably due to

the fact that the THC emissions were mn@thately methand his can be sednom the discussion
below, as theCH4 emissions are roughly comparable to the THC emissions, while the NMHC
emissions are very lowhe reductions in THC emissions for tbev methaneyases could also be
due to more complete oxidation of the fuel as the combustion temperatures incredseulissed
under the N section.CHs is also less reactivefrom a combustion standpoitihan higher
hydrocarbong32], so itis more likely togo through thecombustionprocessunburned and go
unreacted across the aftertreattn€or the GGas Plus bus, statistically significant reductions in
THC emissions of 15%,4%, and 4%, respectively, folLM3, LM5, and LM6 were found
compared tdH1. For thepostrepairJohn Deere bus testingM5 andLM6 showed statistically
significantreductionsof 17.0% and 130%, respectivelyin THC emissions compared ktl. For
theinitial testingon theJohn Deere busM3 andLM4 showedstatistically significant reductions

of 11.8% and 83%, respectivelyin THC emissions compared ktl. For theCummins Westport
ISL-G bus, THC emissionsvere very lowanddid not show strong fuel trends, wibhly theLM4
showing a statisti@lly significant slight increase (@7%) in THC emissions compared to the
baselineH1. Thedifferences between fuels for the @oins Westport ISIG busare still onthe
sameorder as the background levels of the system, however, and as such could be simply a
artifact ofmeasuing at such low levels

For the waste hauler truckiehigh methangases, such &$1, H2, andH7, alsoproducechigher
THC emissions thahM3, LM4, LM5, andLM6. For the transport, curbside, and compaction
segmerd, the reductions in THC emissions with th&3, LM4, and LM6 gases weraill
statistically significant when comparedtteeH1, H2, andH7 gasesNote that for THC emissions,
only a single tesivasavailable forLM5 for the waste hauler since there was a problem with the
flame for the THC flame ionization detector (FID)hus, no statistical comparisons of the
emissions reductions could beade for this fugland this fuel is not included in the percentage
differences belowFor the transpodegmentthese reductions weB86-48% compared téi1, 34-
46% compared té12, and31-44% compared tdi7. For the curbsideegmentthe reductions were
15.3-19.6% compared tbil, 8.413.0% compared tbl2, and 2428% compared td17. For the
compactiorsegmentthe reductions were 463% compared tbll, 32-40% compared tbi2, and
52-58% compared tél7 on whp-hr basis, andhe reductions weré0-45% compared tbil, 28
34% compared tdi2, and 4650% compared téi7 on a bhphr basis Comparing the transport
and curbside modes, THC emissions were found to be lower for the bggest and highéoad
transport mode. This result was expected, sirtld€ €missions tend to be highan a g/mi basis
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during idling and stop and go driving conditions than in otlieing modes For the compaction
segment, the differensén THC emissiondetweenH1 and H2 were statistically significaah
both whphr and bip-hr basis

Figure 3-5. Average THC Emissions for NG Buses
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Figure 3-6 (a-b). Average THC Emissions forWasteHauler Transport and Curbside
Segments
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Figure 3-7 (a-b). Average THC Emissiondor the Waste Hauler for the Compaction
Segment on a whghr Basis (a) and on an Engine bhghr Basis (b)
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3.3  NMHC E missions

Figure 3-8 shows the NMHC emissions for the NG budégure 3-9 (a-b) shows the NMHC
emissions for the waste hauler for the transport and curbsgi@entswhile Figure 3-10 (a-b)
shows the NMHC emissions for the compacsegmenbn a whphr and bhphr basis As can be
seenall theNG buses emitted very low levels of NMHC emissioompared to THC emissions
with the NMHC emissions for th@ewer technologCummins Westporbusat the background
levels This is consistent with expectations and indicates that the THC emissions from these
vehicles are predominantly methawéh litle NMHC emissions The older buss all showed
trends of higher NMHC emissions for the gases containing higher levels of NKlCsthane,
propane, and butane, as shownTable 21). Previous studies have also shown that NMHC
emissions increased with decreasing methane number aig¢hgaseq29,33] THC emissions
from natural gas engines are predominately unburned fuel, therefore, thmetitame
hydrocarbon fraction of TH@&xhaust emissiotypically trendswith the percentage of nen
methanehydrocarbonsin the test fuel.The GGas Plus bus showed statistically significant
increases in NMHC emissions fét2, LM3, LM5, and LM6 of 22%, &%, 62%, and 39%,
respectively, compared tbll. For the postrepair John Deere testing.M5 and LM6 had
statistically significant increases NMHC emission®f 88% and72%, respectivelycompared to
the H1. For the initial John Deere bus testing, ttd3 and LM4 gases showed statistically
significantNMHC emissionsncreaesof 78% and102%, respectively, compared tdl, andof
3% and 57%, respectivelgompared taH2. Initial testing ofthe John Deere bus aride C-Gas
Plusbusshoweddifferences between H1 and H2 which were statistically significant.

Figure 3-8. Average NMHC Emissions for NG Buses
5.0

E
o

w
o

NMHC Emissions (g/mile)
N
o

) I I
0.0 ~
H1 L#3| LM4| LM5| LM6| H1 | H2 |LM3|LM4| H1 |LM5|LM6| H1 | H2 | LM3|LM5| LM6
-1.0 +——Cummins-WestpertSL-G68.9——nitial-John-Deere—Post-Repair-JehnCummins-Westpert-C-Gas-P|L
Deere

H1: Texas (1339VN), H2: Rocky Mtn (1361 WN), LM3: Peruvian LNG (1385WN), LM4 : Middle East LNG (1428 WN)
LM5 : Hi Ethane (1385WN), LM6 : Hi Propane (1385WN), H7: L-CNG (1370WN)

21



Figure 3-9 (a-b). Average NMHC Emissions forWastehauler Transport and Curbside
Segments
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Figure 3-10(a-b). Average NMHC emissions foWaste hauler for the Compaction Segment
on a whp-hr Basis (a) and on an Engine bhghr Basis (b)

0.25 :
Compaction
£ 0.20 T
2
=
2 0.15
S
[%2]
1)
5 0.10 T
@)
I
=
Z 0.05
0.00 j I
H1 H2 LM3 LM4 LM5 LM6 H7
-0.05
a
0.20 :
018 Compaction
g 0.16 |
20.14 i I
[%2)
c
S 0.12
[72)
0
€ 0.10
L
© 0.08
s
= 0.06
0.04
0.00 - I
0.02 H1 H2 LM3 LM4 LM5 LM6 H7
b

H1: Texas (1339NN), H2: Rocky Mtn (1361 WN), LM3: Peruvian LNG (1385WN), LM4 : Middle East LNG (1428 WN)
LM5: Hi Ethane (1385WN), LM6 : Hi Propane (1385WN), H7: L-CNG (1370WN)

23



For the waste hauler, the NMHC emissions were also at very low |&etsall, for both the
curbside and compactiaegmerg, NMHC emissions increased as the NMHC fraction of the fuel
increasegalthough this trend was not seen fa ttansport segmerior the compactiosegment

the LM3, LM4, andLM6 gasesexhibitedincreases that weratistically significantand were

large on a percentage basmnpared téd11, H2, andH7 gasesThe percentage differences of these
increases wereatge in magnitude due to low NMHC emissions factors for the compaction
segmentNote that for NMHC emissions, only a single test was availableMi@r, so no statistical
comparisons of the emissions reductions could be made for thig-twethe curbsidsegment

the gases diM3, LM4, andLM6 exhibited statistically significanmcreasesompared tid1, H2,

and H7 gases in most cases. These increases wet8.9%, 3750%, and 3812%, respectively,
compared to H1, H2, and H7. For the transport segmetet,estingly, the low methane gases
produced lower NMHC emissions compared to H1 and H2 gases. This result is not in agreement
with previous studies showing that NMHC emissions increased with decreasing methane number
of the fuel gases [15]. Compared to &dd H2 gases, the reductions in NMHC emissions for the
transport segment for LM4 and LM6 wemespectively, statistically significant amcarginally
statistically significantcompared to H1 and statistically significant compared to HZese
reductions were34% and32-33%, respectively, compared to H1 and H2. H7 also showed lower
NMHC emissions than H1 and H&hich were marginally statistically significaahd statistically
significant For the curbside segment, the difference in NMHC emissions betiieand H2 was
marginally statistically significant.

34 CH4 Emissions

Figure3-11 shows theCH4 emissions for the NG buseBhe results showed th&Hs emissions

for theCummins Westport ISIG bus wereabout95% lower than those for the John DeanelC-

Gas Pludbuses noting that th&€Hs emissions for théSL-G are near the background level ard
multiplied by 10so that they can more readily be seen in the figitlie older buses all showed a
trend of higher Cllemissions for gases with higher methane contentsidimg H1, H2, andH?7.

The GGas Plus bus showed the highest methane emissiod4 éardH2, with reductions in Chl
emissions of 4.3%, 23983%, and 2%, respectively, foH2, LM3, LM5, andLM6 compared to

H1, with all of the reductions beingtatisticall significant.For thepostrepairJohn Deere bus
testing,H1 showedthe highest Chlemissions, with statistically significaméductions in Chl
emissions of 32% and 25%, respectively,fbt5 andLM6 compared td11. For the initial John
Deere testH1 andH2 produedhigher CH emissions than those biM3 andLM4. TheCummins
Westport ISEG showed higher CH emissions for gasddM3 andLM4, but similarto THC, the
differences in Chl between gases are comparable to the background levels of the syslem, a
hence, are probably moaa artifactof measuring at such low levdlsan real fuel effect$or G

Gas Plus, there were statistically significant differences between H1 and H2. For John Deere, the
differences between H1 and H2 were marginally statlitisggnificant.

For the waste hauler, GHmissions followed similar patterns for all the three segments of the
Refuse Truck Cycle, as shownkigure3-12 (a-b) for the transport and curbside segments and in
Figure3-13 (a-b) for the compaadn segment on a whiiir and bhphr basis.The fuel effect was
consistent, andhowed that gases withigher methane contengxhibitedhigher CH; emissions.

For the transport, curbside, and compaction segmentse@i$sions for the LM3, LM4, LM5,

and LM6gases were lower at a statistically significant level than those of H1, H2, and H7 gases.
For the transport segment, these reductions 88i%2%, 3549%, and36-50%, respectively,
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compared to H1, H2, and HFor the curbside segment, the reductions \28:84%, 1727%, and
34-42%, respectively, compared to H1, H2, and H7. For the compaction segment, reductions were
51-60%, 3748%, and 5#65%, respectively, compared to H1, H2, and H7 on ahpasis and

the reductions were 454%, 3344%, and 5359%, repectively, compared to H1, H2, and H7 on

a bhphr basis.For theicurbside and compactiosegments(\whp-hr and bhphr basi3, the
differences observed in Glgmissiondetween H1 and H2 were statistically significant.

Figure 3-11. Average CH: Emissions for NG Buses
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Figure 3-12 (a-b). Average CH: Emissions forWaste haulerTransport and Curbside
Segments
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Figure 3-13 (a-b). Average CH: Emissions forWaste haulerfor the Compaction Segment
on a whp-hr Basis (a) and on an Engine bhghr Basis (b)
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35 CO Emissions

Weighted CO emissions for the NG buses are shoviigare 3-14. The CO emissions for the
Cummins Westport ISIG 8.9 vehicle were significantly highénan those emitted for the John
Deere bus during poesepair and initial testing and for the@as Plus busThis can be attributed

to theimpact ofricher operating conditions for tis¢oichiometric combustioBummins Westport
ISL-G engine compared to tlether learburnenginesduring combustion and across the catalyst
This observation was consistent with the resulfgre¥ious chassis dynamometer tests as well as
a recent engine dynamometer sttidgt also evaluated@ummins Westport ISIG engine, a €

Gas Plus engine, a-Gas engine, and a John Deere endirte30,31,34] In thesestudies the
Cummins Westport ISIG alsoshowed the highest CO emissions comparetidmther engines.
Although the results of these studies are all consistent, these studies and our study all show greater
differences in CO emissions between the-{Sland different lean burn engines than are seen in
comparing the certification data for tH&l.-G and the &@Gas Plus engines (see Appendix 8D
emissions for the posepair John Deere test were near the measurement [lthissis consistent

with the low CO emission levels found during the certification testing, as shown in Appendix A.
Both initial and post repair John Deere testing showed very low CO emisBmrmheCummins
Westport ISEG and John Deere buses, no statistically significant differences in CO emissions
between fuels were found. The@as Plus bus showed some increases in CO emissions of 78%,
185% and 103%, respectively, fire low methan&M3, LM5 andLM6 gasescompared tdH1

that were statistically significant. The CO emissiondHamwere comparable to those b3 and

LM6, however.

Figure 3-14. Average COEmissions for NG Buses
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Figure 3-15 (a-b) shows the CO emissions for the waste hauler for the transport and curbside
segments, whil&igure3-16 (a-b) shows the CO emissions for the conmjmcsegment on a whp

hr and bhphr basis For the waste hauler truckudng the compactiosegmenbf the cycle the

CO emissions for theM3, LM4, LM5, andLM6 gases were substantially lower than thodd If

H2, andH7 gases, with these reductions being statistically signifiddrgse reductions were 40

55% compared to H1, 351% compared to H2, and-38.% compared to H7 on a wip basis
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and these reductions were-88% compared to H1, 347% compared to H2, and -28%
compared to H7 on a bhp basis. Although some differences between specific fuels were seen
for the transport and curbside segments, these were generally not statistically sighiSbantd

be noted that CO emission levels were found to be genéali(less than 1 g/mi for the curbside
segment For comparison with engine certification test results, a conversion factor ofl/ohip

can be usefB4]. On this basis, the CO emissiare below<1 g/bhphr for boththe transport and
curbside modesranging from 0.10.48 g/bhphr, which is considerably lower than thi&.5
g/bhphr certification standar[B85]. Comparingthe transport and the curbside modes of the cycle,
there wereslightly higher CO emissionfor the transport modeThis is somewhat in contrast to

the trends seen for most of the other pollutants. The higher CO emissions for the transport cycle
could be de to greater operation under rich conditicgiace the transport cycle characterized

by higher speexland acceleratiorad higher load operatioRor the curbside, on the other hand,
the conditions may be so lean that minimal CO is formed, leaditigettow CO emission rates
seen for the curbside cyclkrespective, these differences are relative minor in relation to the
certification levels of the engine.
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Figure 3-15(a-b). Average COEmissions forWaste Hauler Transport and Curbside
Segments
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Figure 3-16 (a-b). Average CO emissions foWaste Hauler for the Compaction Segment on
a whp-hr Basis (a) and on an Engine bhhr Basis(b)
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3.6  Fuel EconomyConsumptionand COz Emissions

Figure 317 and Figure 3-18 (a-b) show the average volumetric fuel economy, respectively, in
miles/ft for the buses and the waste hauler tr(ible transport and curbsidegments The
formulas used to calculate thelumetric fuel economy and the energy equivalent fuel economy
are provided in Appendix Che volumetric fuel economig a more important measure of fuel
economy for the consumer, as fuel is sold volumetrickligl economy was determined using the
carbonbalance methadrhis methoduses theamount of carbon emitted in the exhaust based on
THC, CO, and C@emissionsto determine the amount of fuel carbon, and by association the
amount of fuel, that was used by the engAkgeshownin Figure 317 andFigure3-18, when fuel
economy is plotted on a volumetric basis, the differences betwekretleeonomies of the various
test fuelsare readily apparenand in many cases statistically significantdssussed belowror

all the busesthe low methanegases with the higher heating vauee.,LM3, LM4, LM5, and
LM6, showed higher fuel economy comparetitioandH2. The fuel economincreases$or LM3,

LM4, LM5, and LM6comparedo H1 wereall statistcally significant forall the busesThe same
trend was also seen for the waste hauler truck for transport and curbside cycle®3vittM4,
LM5, andLM6 showing higher volumetric fuel economy comparedHth H2, andH7. The
magnitude of increases was on the ordes wf21% andall of them were statistically significant
except for the increase seen for LM6 compared to H1 for the curbside cycle which was marginally
statistically significantinterestingly, for the curlide segmentLM5 showed higher fuel economy
compared td_M4 andLM®6, even though.M5 had a lower energy content theM4 andLM6.
Note that for LM5, the THC emissions were available ordg asingle test. As such, fuel
economyconsumptiorvia carbon balarecould only becalculated for a single test &5, and

no statistical comparisons of fuel economy were made for this Tixelrefore, no statistical
analysis was available for LM5 compared to other fuEigure3-19 (a-b) shows the volumetric
fuel consumption for the waste hauler on®avihp-hr and fé/bhp-hr basis. The compaction cycle
for the waste hauler showed lower fuel consumption for dag&s LM4, andLM6 on a whphr
basis, consistent with the higher energy contents of these fliesereductionswere all
statistically significant compared to H1, H2, and Hilie fuel consumption showed a somewhat
opposite trend on a bHp basis, with fuelsH2, LM3, LM4, and LM6 showing higher fuel
consumptiorthanH1 andH7. The increases observed 82, LM3, LM4, and LM6 compared to
H1 and H7were all statistically significanThis can be attributed to the lower dBEM readings

for the higher energy gasesmpared tdd1 andH7, which produces the trend seen in the graph
when the inverse of bhp is considerad explained in section 3.1
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miles/ft3

Figure 3-17. AverageVolumetric Fuel Economy for NG Buses.
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Figure 3-18. (a-b). AverageVolumetric Fuel Economy for theWaste Hauler Transport and
Curbside Segments
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Figure 3-19 (a-b). Average Volumetric Fuel Consumption for the Waste Haulerfor the
Compaction Segment on a whyhr Basis (a) and on an Engine bhghr Basis (b)

11.5 .
Compaction
11.0
£
_§- 10.5 - T
E
< 10.0 T
S
a
E 95 T
(9]
c
O
O 90
[}
>
LL
8.5
8-0 T T T T T T T
H1 H2 LM3 LM4 LM5 LM6 H7
8.40 .
Compaction

8.20

8.00

I T
) T
7.80 -
7.60 -
7.40 -
7.20 - T T T T T T
H1 H2 LM3 LM4 LM5 LM6 H7

H1: Texas (1339NN), H2: Rocky Mtn (1361 WN), LM3: Peruvian LNG (1385WN), LM4 : Middle East LNG (1428 WN)
LM5: Hi Ethane (1385WN), LM6 : Hi Propane (1385WN), H7: L-CNG (1370WN)

Fuel Consumption (fbhp-hr)

35



Fuel economy can also be examined on an energy equivalent ®asikis basis, @ energy
differences between the fuels are normaliZédds provides an evaluation of fuel economy with
the energy differences between fuels eliminated as a fatterfuel economy results for the three
buses powered with the different gas blends ove€Bie test cycle are presentedrigure3-20,

on agasoline gallon equivalefGGE) energy basiOverall, the three buses showed comparable
fuel economy resultbetween fuels on an energy equivalent badie GGas Plusand Cummins
Westport ISEG bus did not show anstatistically significantuel effects The energy equivalent
fuel economy differences for the paspair John Deere were not ssétially significantfor LM6,

but were onlymarginally statistically significant folLM5. The initial testing results fagnergy
equivalentfuel economy on the John Deere, on the other hand, shewatstically significant
decrease in fuel econonigr low methane with higher energy content g4, but this could be
related to the mechanical failur€&or the initial testing of John Deere bus, the difference in fuel
economy between H1 and H2 was statistically significant.

Figure 3-20. AverageEnergy Equivalent Fuel Economy for NG Buses
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For the waste hauler, fuel economy is showRigure3-21 (a-b) on a gasoline gallon equivalent
energy basis for the transport aoarbsidesegmentsFor the curbside segment, a statistically
significant increase in energy equivalent fuel economy was observed for H7 versus LM3 and a
marginally statistically significant decrease was observed for H2 versus Edi4he transport
segment the low methanegases withhigher energy content§LM3, LM4, LM5, and LM6)
exhibited higher energy equivalent fuel economy compared tblth&i2, andH7 blends.The
statistically significant increases in energy equivalent fuel ecorfomigM3, LM4, and LM6
gasesvere6.57.4% compared tdll, 5.8-6.7% compared td12, and4.8-5.7% compared tti7.

For the waste hauler, fuglonsumptionis shown inFigure 3-22 (a-b) on a gasoline gallon
equivalent energy basfer the compactiosegmenbn a whphr and bhphr basis. On a whjr

basis, marginally statistically significant reductisnn fuel canasumpton were seen for LM4
compared to HAnd H7 More trends in energy equivalefitel consumptiorwere found for the
compactiorsegmentvhen thehp from the ECM was used as the basis for comparisba gases
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of H1, H2, andH7 exhibited lowerenergy equivalenfuel consumptioncompared to the other
gases. Specifically, compat withH1, H2, andH7, statistically significaneénergy equivalerfuel
consumptionincrease®f 4.6 to 14.4% were found for the.M3, LM4, andLM6 fuels. The fuel
consumptiorfor H2 was also higher than that of H1 at a statistically significant I1&gglin, as
discussed above, this trend is primarily related to the fact that the higher energy fuels recorded
lower bhphr readings from the ECM, rather than real efficiency déifees between the fuels.

Figure 3-21 (a-b). AverageEnergy Equivalent Fuel Economy for the Waste Hauler
Transport and Curbside Segments.
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Figure 3-22 (a-b). AverageEnergy Equivalent Fuel Consumption for the Waste Haulerfor
the Compaction Segment on a whitir Basis (a) and on an Engine bhghr Basis (b)
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CO emissions for the three buses and all fuel/cycle combinations are shévguia3-23. CO;
emissions from the threeibes were comparable. The initial testing on the John Deere bus showed
slightly higher CQ emissions, which could be related to its mechanical issuesCuivanins
Westport ISG8.9, postrepair John Deere, and@as Plus buses did not show strong trends in
CO, emissions between the fuels. The initial testing of the John Deere bus showed slight, but
statistically significant, increases in g@missions foH2 andLM4 compared tdH1 andLM3.

These differences could be related to the mechanical issue, howéeedifference in C®
emissions between H1 and H2 for the initial testing of John Deere was statistically significant.
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CO emissions for the waste hauler are showRigure 324 (a-b) for the transport and curbside
segmentsFor the waste haule€0O, emissions for the curbsidgegmentvere higher than those
for the transporsegmenbn a per mile basigor the curbsideegmentno consistent fuel trends
for CO, were observed For the transporsegmentinterestingly,the results showed lower GO
emissions for thdow methaneases with lower H/C ratios, comparedHbandH2 gasesbut not
compared tdH7. Most of the differences between the fuel gases for the trarsgprientvere
statistically significantThese differences wer8.6- -4.7% for LM3, LM4, and LM6 compared to
H2 and-4.0- -5.0% for LM3, LM4, and LM6 compared to H1.

CQO; emissions for the waste hauler are showRigure3-25 (a-b) for the compactiosegmenbn

a whphr and bhphr basis.On a whphr basis, no significant differences were seerCit»
emissionsbetween fuelswith the exception tha€CO, emissions forLM5 were higher at a
statistically significant level than those tdi, H2, and H7The compactiosegmentor the waste
haulershowed trend$or CO, emissions on an engine bBhpbasis,with CO, emissions peaking

for fuelsLM4, LM5, andLM6. Compared to thieaselinedH1, H2,andH?7, all of the fuel gas blends
exhibited statistically significant increases in £#nissionon a bhphr basisof betweerb.2to
19.4% compared td1, H2,andH7. Again, this can be attributed to the lower bhp energy readings
for thehigher energy gases, as discussed for the fuel consumption.

Figure 3-23. Average CQ Emissions for the NG Buses
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Figure 3-24 (a-b). Average CQ Emissions for theWaste Hauler Transport and Curbside
Segments
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Figure 3-25. Average CQ Emissions for theCompaction Segmentof the WasteHauler on a
whp-hr Basis (a) and on an Engine bhghr Basis (b)
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3.7 PM Mass Emissions

Figure 3-26 shows thePM mass emissions fdhe NG buses ovethe CBD cycle The results
indicated that total PM mass emissions were low for all three buses on an absolute level, and are
at the same levels as the tunnel background. Although some differences were seen between fuels,
these differences were all withilne range of the tunnel background levels. So, for therppsir

John Deere bus, tHeummins Westport ISIG bus, and th&€ummins WestporC-gas Plus bus

testing, there were essentially no differences between PM mass for different fuels.

Figure 3-26. Average PMEmissions for NGBuses
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For the waste hauler, PM mass emissions are shokigune3-27 for the composit®efuselruck
Cycle. As explained in section 2.4, PM emissionsr& collected cumulatively over the entire
duration of the RTC due to the expectation of low mass levels emitted. Therefore, separate
emissions are not available for the curbside, transport, and compaction segments. Instead, PM
emissions are shown in tesnof g/cycle.Compared tdH1, H2, andH7, statistically significant
reductions in PM emissions were found di4, LM5, andLM6. These reductions ranged from
51-60%, 43-64%, and 3#6%, respectively, compared ittl, H2 andH7. LM3 also demonstrated
statistically significant reductions relative K2, but not compared téll andH7. This was
consistent with the trends seen for THC emissamtsfor CO emissions over the compaction cycle

for the waste haulewith thelow methanegase showing lower PM leve|svhile thehigh methane
gaseshowedhigher PM levels.

42



Figure 3-27. Average PM Emissions folWaste Hauler
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3.8 Particle Number Emissions

Figure 3-28 presents the particle number (PN) emissions for the NG buses over the CBD cycle.
For the CGas Plus testing, the EEPS instrument was used for particle number measurement as
well as particle ige distribution. Note that PN results are not available for therppsir John

Deere bus testingecause of issues with the data acquisition for the. @0, for the postepair

John Deere Bus testing a naBMPS was used to measure size distributiahsch measures only

the particles in a particular size range at any one particular time. As such, tHeMBSocannot

be used to obtain total PN. For the initial John Deere bus testing, all test gases exhibited a
statistically significant reduction inNPemissions compared to the baseline H1, with LM3 and
LM4 showing the largest reductiorfsor the GGas Plus budj2 and LM3showed PN emissions

that were higher thaml, but these differences were not statistically significdite PN
measurements for tl@Gas Plus bus with the EEPS were somewhat more variable than the CPC
PN measurements for the other vehicles, which could make it more difficult to identify statistical
trends.For theCummins Westport ISIG bus, some PN differences weresdetween diffrent

fuels, but most othese differences were not statistically significartie differences in PN
emissions between H1 and H2 for initial John Deere testing were statistically significant. This
difference was marginally statistically significant for 89 Cummins Westport ISG.

For the waste hauler, PN emissions are showsguare 3-29 (a-b) for the transport and curbside
segmentand inFigure3-30 (a-b) for the compactiosegmenbn a vhp-hr and hp-hr basis The
experimental results show that PN emissions followed the same pattathtfweesegmerd for
the Refuse Truck Cycleith the H2, LM3, andLM4 showing the lowest PN emissiornkhese
differences were statistically significarkasesLM3 and LM4 have higher levels of heavier
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hydrocarbons compared to gas¢ls H2, andH7, butnot compared t&M5 andLM6. H2 also
showed lower PN emissions theid, LM5, LM6, andH7. The PN emission levels followed the

PM mass reductions fd&tM3 andLM4 gases, but not fdd2, LM5 andLM6. It should be noted

that PN emissions were approximately an order of magnitude higher for the cusbgident
compared to the transpasegmentof the cycle asthe curbside cycleovers a much shorter
distance and is primarily composed of low speed ac@@s and idling periods with little steady
state driving.The differences seen between H1 and H2 for all the segments were statistically
significant.

Figure 3-28. Average PNEmissions for NG Buses
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Figure 3-29 (a-b). Average PN Emissions foWasteHauler.
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Figure 3-30 (a-b). Average PN Emissions foWasteHauler.
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3.9 Particle Size Distributions

Several different instruments were used for determining the size distributions thuothog
testing, as discussed in section 2.4. These instruments are summariablgé#4, but are briefly
discussed here to provide a context for the discussion b&lmwmost robust and reliable particle
size distributions for this test gyram were obtained for the Gas Plus bus, a1 Engine Exhaust
Particle Sizer (EEPSyith a one second scan tim@s available during this testing period. A nano
scanning mobility particle sizer (naf8MPS) was used for the 20@@mmins Westport 1ISIG8.9

bus, the waste hauler truck, and both John Deere bus tests to characterize particle size distributions.
A regular longcolumn SMPS was also utilized at the beginning of the testing for the 2009
Cummins Westport ISIG8.9 buslt should be noted that due tize relatively long scan time for

the nane and longcolumn SMPS instrumen{418 seconds and 135 seconds, respectivitlg),
measurements from these instruments were predominately useful in determining the general size
distribution over the cycle. In particulasince the slower nanr@nd longcolumn SMPS only
sample a small segment of their size range at any givendiffexences seen for tests conducted
on different fuels could be an artifact of wipatrt of thesize range the instrument is measuring
during a particular segment (or acceleration/deceleration) of a. dslsuch they cannot be
accurately characterized ! differenceslt is also worth noting that the size distribution figures
are typically plotted with the-axis using a logrithmic scale to allow the sizing over a range
spanning several orders of magnitude to be shown. Jheasyis typically plottedn dN/dlogDp
wheredN (or gN) is the particleeoncentrationn the range andlogDp(or logDp) is the difference

in the log of the channel widtlsince particle distributions are typically lognormal in character
The area under the curf@ these plotsepresents thital particleconcentratiorf36].

For the GGas Plus busas shown inFigure 3-31, particle size distributions from EEPS
measurements for all gases resulted in a consistent nucleation mode, with a peak particle diameter
around 10 nmThis is ®@nsistent with other studies showing that particles emitted from NG
engines/vehicles are predominantly nucleation particles in the nanometer siz{8ry8ye38]

A smaller peak was also found in the R0 nm sizeange.Since the EEPS measures all the size
bins simultaneously, unlike the nanand longcolumn SMPS instruments, it can be used to
evaluate differences between different fudibe gasedHl, H2, and LM3 exhibited higher
nucleation mode particle conceations compared to gaseM5 and LM6. The higher particle
number concentrations f&f2 in both the 10 nm and 380 nm size ranges is consistent with the
higher PN forH2. On the other hand, the particle concentrationdifbin the 10 nm range are
intermedate between those &M3 andLM5/6. The differences the trends for particle number
and the EEPS data comparid@ andLM3, LM5, andLM6 could be related to differences in the
number ofparticles that are outside of the 6 to 423 nm size range measuleEtPS, but are still
measured by the 3776 CPC, which has a lower cut point oih2.%his would need to be studied

in further detail, however.

The size distributions for theewer technologummins Westport I1SIG8.9 busover the CBD

are shown irFigure3-32for H1, LM4, LM5, andLM6 using a nanksMPS and in

Figure3-33 for H1, H2, andLM3 using a regular long column SMPBhe naneSMPS, with a
lower cutoff of 4 nm, showed that the size of the particles emitting fronCtimamins Westport
ISL-G bus were predominately in the sub 10 nm numegiarticle range. The long column SMPS
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did show a peak in the size distribution arounell®0 nm, but comparing with the naBMPS

results shows that any such peaks are much smaller than the peaks in the sub 10 nm region. As
discussed above, differencesthe size distributions for different fuels could be an artifact, so
these differences will not be discussed in detail here.

Figure 3-31. Particle Size Distributions for the C-Gas Plus BudUsing theEEPS
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Figure 3-32. Particle Size Distributions for the Cummins Westport ISL-G8.9 Bus Using

the Nano-SMPS
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Figure 3-33. Particle Size Distributions for the Cummins Westport ISL-G8.9Bus Using a
Regular Long Column SMPS.
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Figure 3-34 shows the particle size distributiofes the older technology John Deere bugial
testing Figure3-35 presents the particle sigstributioncollectedfor the postrepairJohn Deere
bus testingThese size distributions were both collected with a +#&M&S.It should be mentioned
that a logscalefor the yaxis wasusedfor boththeinitial and postrepair John Deere testings
opposed to the lineacale figures used for particle size distributionghimrest othis section, to
better illustratethe onset ofanincrease in particleat about 100 nm forthe initial John Deere
testing The initial John Deere butesting showeapproximatelyan order of magnitude more
particles compared tpostrepair John Deere bus testingvhich might be due to théu
mechanical issue. The sizing restutis both the initial and posepair John Deere tests show a
peak in the sub 10 nm rangeth the peak being sharper for the initial test restitke resultgor

the initial John Deere bus testisgowed the potential formation of accumulation mode glasti

at around 60 noigure3-34andFigure3-35clearly show that the size distributions for the various
fuels are generally pretty similakgain, any differences between the fuels could be an artifact of
thelonger scan time for theaneSMPS

Figure 3-36 presents the particle size distributions for the waste hauler over the Refuse Truck
Cycle.The waste hauler showed a peak in the size distribution around 10 nm using tB&lfsho
Again, dthough there are sonmuifferences between the fuethe differencesould be an artifact

of thelonger scan timéor the naneSMPS
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Figure 3-34. Particle Size Distributions for the Initial John DeereBus Using the Mino-

SMPS
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Figure 3-35. Patrticle Size Distributions for the Postrepair John DeereBus Using theNano-

SMPS
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Figure 3-36. Particle Size Distributions for the WasteHauler Using theNano-SMPS
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3.10 NH3 Emissions

Figure3-37 shows the NkElemissions for the NG busdsshould be noted that the Nldmissions

for the John Deere and Cummins Westpofs&s Plus buses are multiplied by 10 so that they can
be more reaty seen in the figureAs canbe seenthe Cummins Westport I1SIG bus showed
higher NH:emissiors compared to the John Deere &uinmins Westpoi€-Gas Plus buse§his

is due to the fact that tHeummins Westport ISIG bus was equipped with BVC, which can
catalyze the formation of NdHemissions through a complex series of reactions, including the
watergas shift reactiof39i 45]. The NH3 emissions for the John Deere bus (for both initial and
postrepair tests) were very low by comparison with either the®hus or the waste hauler, as
discussed belowlhe NH emissions for th€-Gas Plus bus were higher than those for the John
Deere bus, but were still much lower than those foCimamins Westport ISIG bus.In general,

no consistentfuel effects were observedr the buses, andhostof the emissions differences
compared to Hiverenot statistically significant.

Figure3-38shows the NElemissions for the waste hauler for the transport and curbsgieents
while Figure3-39 shows the Nklemissions for the compacti@@gmenbn a whp-hr and thp-hr
basis.For the waste hauler trudome noticeable fuel differereén NHs emissionswere seen
between test fuelfor different cyclesthough there werao consistent fuel trendsbserved For
the compactiorsegmentsome fuel effects were seen for the INdthissions, wittH1 showing
statistically significanincreaseselative toH2 andLM6 onabhp-hrand whphr basisand showing
a marginally statistically significant increase relativeLtd5 on a whphr basis Statistically
significant differences were also seen between H2 and LM3 on-arbdapd whphr basis, and
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between LM3 and H7 on a bHp basis and between H7 and LM6 on a winpbasis.For the
transportsegmenta statistically significant differencevas seerbetweenH2 andLM5. Again,
none of theetrends were consistent over more than @mstcycle segmentand the differences
between fuels were not consistent in terms of trends of either high or low metimeetfuels
No statistically significant differences between fuels were seen for the cudesideent The
average emissions for all the fuels foittbtransport and curbside ranged from4% mg/mile
with the transport values near the low end and the curbside values near the hidloretitk
compaction segment (wHpr and bhghr), the differences between NEmissions for H1 and H2
were statisticdy significant.

Figure 3-37. Average NH; Emissions for NG Buses
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Figure 3-38. (a-b). AverageNHs Emissions forWasteHauler Transport and Curbside
Segments.
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Figure 3-39. (a-b). AverageNH3s Emissions forWaste Hauler for the Compaction Segment
on a whp-hr Basis (a) and on an Engine bhghr Basis (b).
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3.11 Carbonyl Emissions

Figure 3-40 and Figure 3-42 show the average formaldehyde and acetaldehyde emissions
respectively,from all three busesFormaldehyde and acetaldehyde emissimese themost
prominentmeasured carbongmissionswith formaldehydeemissionsbeing thehighest Note

that formaldehyde and acetaldehyde are the lower molecular weight aldehydes, having one and
two carbons, respectivellfor the Cummins Westport ISG bus, the magnitude of formaldehyde
and acetaldehyde emissions were lower than those othibe lauses and did not show any fuel
trends. In addition, the values for formaldehyde were at the measurement lkoitboth the
initial and postrepairJohn Deere bus tessH1 andH2 showedhe highestormaldehyde emissions
compared to the other gasd-or the postepair John Deere testingtatistically significant
reductions in formaldehyde emissianis27% forLM5 and 41% folLM6 compared td41 were
found For the initial John Deere testingductions in formaldehyde emissions were statistically
significant. These reductions were 16.9% &, 41% forLM3, and45% forLM4 compared to

H1. For the John Deere buketformaldehyde results follow the same trends as the THC emissions,
with the gases with higher methane contents producing higher levels of formaldEhgdame
trend of higher formaldehyde emissions vitikhigh methane gases was seen for tHeas Pls

bus, although the trend was not as strong as for the John Deetiee EdGas Pludus,H1 and

H2 showed the highest formaldehyde emissiongati€ically significant reductions in
formaldehyde emissions of 14% 1avl5 and 24% folLM6 were found compatcetoH1 gas. Only

a singlecarbonyltest samplavas available foH2 andLM3 due to an issue with the sampling
system so statistical comparisons could not be made for those fdefsthe acetaldehyde
emissionsthe buses did not showonsistenfuel trerds. However, for the initial John Deere bus
testing a statistically significant reduction of acetaldehyde emissi@sssgen fotM3 andLM4
compared toH1. H2 showed a marginally statistically significant reduction in acetaldehyde
emissions compared tdl.

Figure 3-41 and Figure 3-43 show the averageompositeformaldehyde and acetaldehyde
emissions, @spectively, from the waste hauler trublate that similar to the PM emissions these
are presented in terms of grams/cyslace the emissions for the driving portions of the cycle (i.e.,
the curbside and transport segments) cannot be separated froomib&ction segment, which is
not an actual driving everftor the waste hauldghehigh methangasesnamelyH1, H2, andH7,
also showedincreased formaldehyde emissions levels comparethédow methanegases
following the same trends as the TH@iissions for this vehicld-or the low methane gases, the
differences in formaldehyde emissions were statistically significant comparedHd,thie, and

H7 gasesThe reductions in formaldehyde emissions for the low methane gases (UB)Bwhen
comparedo H1, H2, and H7 range from 5%, 4351%, 5360%, respectivelySimilar trends
were observed for acetaldehyde emissions, withigjemethane gases havihggheremissions
levels than thdow methane gases. The reductions in acetaldehyde emissioastagstically
significant for the low methane gases. The reducfionthe low methane gases (LM36) when
compared to H1, H2, and H7 range fr68163%, $-64%, 38-51%, respectively.
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Figure 3-40. Average Formaldehyde Emissions foBuses.
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Figure 3-41. Average Formaldehyde Emissions foWaste Hauler.
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Figure 3-42. Average Acetaldehyde Emissions for Buses.
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Figure 3-43. Average Acetaldehyde Emissions foWaste Hauler Truck.
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3.12 Power Maps

Figure3-44to Figure3-47 present the power map pldts different CNG gasefor the Cummins
Wegport ISL-G bus, the initial and posepair testing for the John Deere paisdthewastehauler

truck. In all these plots the power of the enginddmsepowerHlp) is plotted versus engine speed

in revolution per minuterpm). There were several issues in doing the power maphese
vehicles that complicated the analysis. Unlike agie dynamometer power map tigabbtained
through a direct connection with an engine dynamometer, the vehicles were all equipped with
transmiswns with different configurations and gearing ratios. Issues with the transmissions
shifting in and out of geaand other instabilitiesaused fluctuations in the hp readings over the
course of théess. These fluctuations are seen to different degretreei data plots provided below.

In the case of the-Gas Plus, there were issues with the loading of the engine/vehicle, which could
be due to being in the wrong gear or some other reason, so these data are not presented.
Additionally, as discussed in gam 3.1, thehp readings from thenginedo not account for the
differences in the fuel properties of the different ga&pgen the complications inherent with

doing this type of testing with a vehicle, it does not appear that these series of teslsdpaovi
adequate comparison of what the expected power differences would be between the fuels in use
It should be noted that the initial testing for the John Deere bus also showed relatively low power
levels. This could be related to the mechanical idsaievwas identified for that bus.
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Figure 3-44. Power Map for Different CNG Gases forCummins Westport ISL-G8.9 Bus
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Figure 3-45. Power Map for Different CNG Gases forthe Initial John Deere Bus Testing
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Figure 3-46. Power Map for Different CNG Gases for the Postepair John Deere Bus
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Figure 3-47. Power Map for Different CNG Gases forWasteHauler Truck Testing
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4 Summary

As the demand for NG in Californend the production of NG throughout the U.S. b®tpand,

there is potential for a wideangeof natural gas compositions to be used in NGVs. It is important

to evaluate whether changing compositions of NG will have adverse impacts on the emissions or
pefformance of NGVsThe current study was designed to addrtss issue These results may
alsobeusediICARBOS o0 ngoi amgndpheCalifomia NG fuelstandards for motor
vehicles

In this studyfive to severblends of natural gas with different fuel compositions were te$tesl.
gases represent a range of compositions from gases with high levels of methane and
correspondingly lower energy contents/\Wobbe nusibeigases with higher levels of heavier
hydrocarbas and correspondinghigherenergy contents/Wobbe numbdEmissions testing was
performed orthreetransitbuses & bus with 82009stoichiometric combustiosparkignited engine
with cooledEGR anda TWC, and two buses with older 2002 aB@03 engines) and a waste
haulerwith a 2002 enging on CE-CERTO $eavyduty chassis dynamometérhe latter three
vehiclesall havelean burn spark ignition engines that are equipped with Tt buswith a 2004
lean burn engine/as testedn two separate occasiothge toamechanical failure during the initial
testing.Theresultsof the test prograrehowed that fuel composition, engine operating conditions,
and driving cycle had effexon the formation of exhaust emissicios the older technology
vehicles Consigent fuel effects were not seefor the newest technology busvith the
stoichiometric combustioenginewith a TWC however

The results of this study are summarized beloesuRs are generally statistically significant,
except as noted.

20 Cummins Wetport 8.3L C-Gas PlusWaste Hauler

Waste hauler truck emissions were evaluated over a refuse truck cycle that included, transport,
compaction, and curbside segments. Overall, the waste hauler showed the strongest fuel effects for
most of the pollutants copared to the buses. Almost all the pollutants showed some fuel effects
for at least one of the cycle segments. The low methane gases showed higkeridsidns for

all three segments of the cycle. Low methane gases showed lower THOp@kaldehyde and
acetaldehyde emissions. For the compaction and curbside phases, higher NMHC emissions were
seen for the low methane gases, but for the transport phase the opposite trend was observed.
Cumulative PM emissions and CO emissions for the emtign cycle showed a trend of lower
emissions for the low methane gadesel economiconsumptioron a volumetric basis showed
increases for thteow methanegases with higher energy contents for tt@sport and curbside
phases of the cyclend decreasdsr the compaction cycléOn an energy equivalent basis, fuel
economy/consumption showed no fuel differences for the curbside and mixed results for the
compaction cycles, but higher energy equivalent fuel economy was seen for the low methane gases
with higher energy contents for the transport phase. Particle number showed similar fuel trends
over the three cycle segments, but the gases showing lower particle numbers included some with
higher levels of methane (i.e., H2) and some with lower levels of meethan LM3 and LM4).

CO; emissions did not show strong trends for the curbside pbasthe transport phaséowed

lower CQ emissions for the low methane gases with lower H/C ratios, compared to H1 and H2
gases, but not compared to.Hror the compaain segment, C&emissions for LM5 were higher
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at a statistically significant level than those for H1, H2, and H7 on ahwhyasis for the
compaction segment. On a bhpbasis for the compaction segment,.@issions for all of the

low methane fuel gablends exhibited statistically significant increases in; @@issions of
between 5.2 to 19.4% compared to H1, H2, and Hiis can be attributed to the bhp energy
readings being lower for the higher energy gases, because the ECM bhp reading doeswot take i
account the differences between fudidz emissions showedome fuel differences, but no
consistent fuel trends over the three segments of the cycle. The particle size distributions showed
a peak in the 10 nm range.

2004 John Deere 8.1L 6081Hransit bus

The John Deere bus was tested on two separate occasions due to a mechanical failure during the
initial testing. The postepair John Deere bus tests showed a number of fuel effects. These tests
were conducted for only three of the main test gdagsls with higher methane contents showed
higher THC, CH, and formaldehydemissions, but lower NMHC emissions. The low methane
gases showed higher N@&missions, although these increases were not statistically significant for

all fuel combinations. Low ethanegaseswith higher energy contents showed higher fuel
economy on a volumetric basis. One of the low methane gases also showed higher fuel economy
on an energy equivalent basis. PM mass, acetaldehyde, GOarl@INH emissions did not show

any signifcant fuel trends. PM mass, CO and §¢rhissions were very low for the pasgpair bus.

The particle size distributions showed a broad peak stretching from sub 10 nm into the 70 nm
range.

Some fuel effects were also seen for the initial testing of the Delere bus. These tests were
conducted for only four of the main test gases. Trends for THG,, fGihaldehyde, and NQvere
consistent with the posepair results. Higher methane content gases resulted in higher THC, CH
and formaldehyde emissions apdrticle number counts, but lower NMHC emissioN®x
emissions showed increases for the highest WN gas compared to the lgaselirree low methane

gases with higher energy contents showed higher fuel economy on a volumetric basis, but slight
trends of @creasing fuel economy on an energy equivalent basisskiwed some statistically
significant differences between fuels, but no real tre@@sand NH emissions did not show any
specific trends. PM mass emissionsrevery low and did not show consistanends with fuel
properties, although some differences between different fuel combinations were seen.
Acetaldehyde emissions showed a statistically significant reduction for LM3 and LM4 compared
to H1, and a marginally statistically significant reductidii2 compared to H1. The particle size
distributions also showed a peak in the sub 10 nm range, but this peak was sharper compared to
the postrepair testing.

2003Cummins Westpor8.3L G-Gas Plus enginéransit bus

For the 2003 Cummins Westport 8.8tGas Plus bus, N@nd NMHC emissions and volumetric

fuel economy were higher, and THC, £Hnd formaldehyde emissions were lower for the low
methane gases. CO emissions showed some statistically significant increases with some of the low
methane gaseBnergy equivalent fuel economy, &®M, and NH, and acetaldehyde emissions

did not show any strong fuel effects, and particle number showed inconsistent fuel trends. The
particle size distributions showed a peak around 10 nm.
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2009Cummins Westport ISEG 8.9 L transit bus

The bus with a 2009 Cummins Westport iSLstoichiometric combustion engine with cooled
EGR and a TWC was the newest technology tested during this program. In general, for this bus,
most of the pollutants did not show any specific fatects. THC, NMHC, CHs, NGO, and
formaldehyde emissions for the Westport 4SLlbus were considerably lower than for the other
buses. The Cummins Westport Il bus did, however, show higher CO and sNgtinissions
compared to the other buses. This couldtbéated to the richer operation for the stoichiometric
combustion engine compared to the lean burn engines, as well as the TWC fog maibbibns.

Some fuel effects were seen for fuel economy, but not for the other pollutants. The low methane
gases wh higher energy contents showed higher fuel econemg volumetric basis but not on

an energy equivalent basgome differences between fuels were seen for THC an@Qissions,

but these differences were on the order of the background.l@lesize distributions of the
particles emitted from this bus were mainly in the sub 10 nm nucleation particle range.

General

The results showed that fuel composition, engine operating conditions, and driving cycle had
effects on the formation of exhawmnissions from all the older headuty vehicles. The older
vehicles showed trends that were generally consistent with those of previous studies. Gases with
low methane contents showed higher,N@d NMHC emissions and improved fuel economy on

a volumetricbasis, but lower emissions of THC, gtand formaldehyde emissions. In some, but

not all cases, the magnitudes of these fuel trends were greater than those found in other studies.
The trends for the other emissions were not as consistentnélertechndogy bus with the
stoichiometric combustion engimadwith a TWC did not show any specific fuel effects.

Although trends were found between gases with higher vs. lower methane contents, other trends
between gases were not as strong. For example, altihbtplas aVN that is much higher than

H1 and H2, these gases show similar emissions. Similarly LM4, which has &ViNgbut an
intermediate MN, has emissions similar to LM5 and LM6. Additionally, gases LM5 and LM®6,
which have varying contents of ethane anopane and butane have similar emissions.
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Appendix A. Engine Certification Values

2004 John Deer 8.1L 6081H transit bus

A-1



